Mechanosensation, the transduction of mechanical force into electrochemical signals, allows organisms to detect touch and sound, to register movement and gravity, and to sense changes in cell volume and shape. the hair cells of the mammalian inner ear are the mechanosensors for the detection of sound and head movement. the analysis of gene function in hair cells has been hampered by the lack of an efficient gene transfer method. Here we describe a method termed injectoporation that combines tissue microinjection with electroporation to express cDnas and shrnas in mouse cochlear hair cells. Injectoporation allows for gene transfer into dozens of hair cells, and it is compatible with the analysis of hair cell function using imaging approaches and electrophysiology. tissue dissection and injectoporation can be carried out within a few hours, and the tissue can be cultured for days for subsequent functional analyses.
IntroDuctIon
Organisms contain specialized cell types that are crucial for perceiving mechanical stimuli. Sensory nerve endings and support cells in the skin transmit tactile stimuli 1 . Muscle spindles and Golgi tendon organs sense muscle tension 2 . Hair cells in the mammalian cochlea and vestibule sense sound-induced vibrations and head movements, respectively 3 . For decades, hair cells have been important models for the study of the mechanisms that regulate mechanotransduction in vertebrates. The mechanically sensitive organelle of a hair cell consists of rows of stereocilia that form a tightly connected bundle at the apical hair-cell surface 4 . Mechanotransduction channels are localized in close proximity to the tips of stereocilia, and they are gated by tip-link filaments that connect the stereocilia within a hair bundle 3 . Hearing impairment is the most common form of sensory impairment in humans, and >100 genetic loci have been linked to the disease. The vast majority of the affected genes are expressed in hair cells [5] [6] [7] , but the mechanisms by which they regulate hair cell function are still poorly defined. This is partly because of the fact that it has been exceptionally difficult to combine gene transfer into auditory hair cells with the subsequent analysis of their function by physiological or imaging approaches. We therefore developed an efficient gene delivery method for hair cells that relies on simple plasmid vectors. We have recently demonstrated the utility of this approach, which we term injectoporation because it combines tissue microinjection with electroporation, for the study of gene function in hair cells 8 . Here we describe an optimized version of this method, provide methodological details, and discuss potential problems and limitations of the injectoporation procedure.
Applications of the protocol
We have demonstrated that injectoporation is an efficient method for the transfer of small shRNAs and cDNAs of variable size into hair cells 8 . The longest cDNA that we have successfully expressed contains an open reading frame of 10,065 bp encoding the mouse cadherin-23 (CDH23) protein [9] [10] [11] [12] . After gene transfer, hair cells can be cultured for at least 5 d without obvious effects on hair bundle morphology. Injectoporation is compatible with the analysis of the distribution of ectopically expressed proteins using immunofluorescence microscopy. The expression of shRNA constructs, truncated proteins or dominant negative/constitutively active constructs allows gain-of-function and loss-of-function studies to obtain insights into the molecular mechanisms that regulate hair cell development and function. Hair cell development can be analyzed by immunofluorescence microscopy and electron microscopy to reveal morphological details. Mechanotransduction can be studied by imaging approaches following the injectoporation of genetically encoded Ca 2+ sensors (e.g., GCaMP3; refs. 8, 13) or by electrophysiological techniques. cDNAs can also be expressed in hair cells from mutant mice to test for functional rescue and to carry out structure-function analysis to identify important protein domains 8 . Given the versatility of injectoporation, we anticipate that this technique will lead to the rapid functional annotation of many previously uncharacterized genes linked to hearing loss, as well as of genes that have been shown to be expressed in hair cells using microarray or proteomics approaches [14] [15] [16] . The protocol can also be modified for use with other genetically encoded indicators such as the recently described voltage indicator 17 . Injectoporation may well be suited for the introduction of proteins into hair cells or for the use of membrane permeant-targeting peptide methods 18 to achieve rapid and reversible knockdown of endogenous proteins. As such, the system can be readily adapted to meet the needs of different researchers. We anticipate that modifications of this protocol will be useful for the study of other cell types that are difficult to transfect, including mechanosensory cells in other tissues such as Merkel cells in the skin 19 .
Comparison with other methods
Several gene transfer methods have been previously developed for mechanosensory hair cells. Each of them has advantages and limitations. Adenoviral vectors [20] [21] [22] and adeno-associated virus (AAV) [23] [24] [25] are particularly useful for in vivo gene transfer into hair cells. For example, AAV has been used as a vector to restore vesicular glutamate transporter 3 (VGLUT3) expression in VGLUT3-deficient hair cells and to rescue the associated hearing defects 26 . Adenovirus vectors have been used successfully to study gene function in cultured hair cells, for example, to express transmembrane channel-like 1 (TMC1) and TMC2 proteins 27, 28 . However, virus production is time consuming, and viral coat proteins may cause immune responses that adversely affect cell function 29 . There are also limits to the size of the transgene that can be accommodated by the viral backbone. Gene size in particular is limiting for AAV vectors, which typically can accommodate inserts of up to 5 kb, although larger inserts may be tolerated by some serotypes 30 . Biolistic ('gene-gun') transfection has been applied to hair cells, but it is inefficient, leads to cellular damage and is not compatible with physiological measurements 31 . Even with an improved biolistic configuration only a few cells per sensory epithelium are transfected 32 . As an alternative, electroporation methods have been developed, but they have been successfully applied only to inner ear tissue to study developmental processes 33, 34 . An elegant electroporation method has also been used for gene transfer into the otic vesicle, but the technique is difficult to carry out and it is most useful for the study of hair cell function in situations in which the expression of transgenes or shRNAs throughout embryogenesis does not affect developmental processes 35 . The injectoporation method that we describe here circumvents many of these technological limitations and permits the interrogation of the molecular mechanisms that regulate hair cell development and function, as well as the pathophysiological mechanisms that cause disease.
Experimental design
Organotypic cochlear cultures. Figure 1a shows a diagram of the inner ear and a cross-section of the cochlea highlighting specific features such as the hair cells, stria vascularis, basilar membrane and Reissner's membrane. The mechanosensory hair cells are fragile, and special care is required during dissection. We use a sixstep procedure to obtain healthy organotypic cultures (Fig. 1b-h) . The inner ear from animals between postnatal day (P) 0 and P8 is dissected from the skull (Fig. 1b) and the bony capsule of the cochlea is removed with forceps (Fig. 1c) . The cochlear duct is microdissected from the rest of the tissue and transferred to the lid of a 35-mm Petri dish (Fig. 1d ). An incision is made along the length of the cochlear duct between Reissner's membrane and the stria vascularis (Fig. 1e) . The cochlear duct is cut into a basal, a middle and an apical piece (Fig. 1f) . During the entire procedure, the tissue is covered with solution to prevent mechanical damage to the hair bundles caused by shear stress at the liquid-to-air interface. The tissue fragments settle to the bottom of the Petri dish and attach to its surface (Fig. 1g) without the need for any special coating. Higher-magnification views allow for the visualization of the organ of Corti, Reissner's membrane and the stria vascularis (Fig. 1h) .
Gene delivery into hair cells by injectoporation. at nearly 180°. The movement of the pipette and electrodes is controlled by micromanipulators, and it is visualized on an upright microscope. We reasoned that electroporation methods for hair cells might have been difficult to carry out because of the problems of plasmid access to the cell bodies of hair cells, which are coupled apically to support cells by specialized tight junctions and adherens junctions [36] [37] [38] (Figs. 1a and 3a) . Therefore, plasmid solution that is added to the apical surface of hair cells mostly gains access to the hair bundles. Access to hair cells from the basal surface of the tissue is also limited by the cell bodies of support cells and the basilar membrane that shield the cell bodies of hair cells from the fluid-filled space of the scala tympani (Figs. 1a and 3a) . We therefore inject the plasmid into the space surrounding the hair cell bodies, followed by electroporation (Fig. 3b) . Figure 3b shows a diagram of the positioning of the microinjection pipette, which depends on the cell type to be targeted. For gene transfer into outer hair cells (OHCs), the microinjection pipette is inserted between the second and third row of OHCs that are in parallel with the pipette (Fig. 3b, top; Fig. 3c ). For injection into inner hair cells (IHCs), the IHC row and microinjection pipette are oriented perpendicular to each other ( Fig. 3b,  bottom; Fig. 3d ). For each explant, the pipette is inserted only at one location. After injection, electrical pulses are applied to the tissue before removal of the microinjection pipette. Subsequently, the tissue is transferred to a humidified CO 2 incubator and maintained at 37 °C.
To monitor gene transfer into hair cells, we use vectors to express fluorescence proteins such as EGFP. Stereociliary proteins such as espin [39] [40] [41] are tagged with mCherry to highlight specific cellular structures (Fig. 3e) . To quantify the efficiency of gene transfer into hair cells, we cut the cochlear tissue into an apical, middle and basal piece, and we injectoporate the tissue at varying ages with an EGFP expression vector. We determine the average number of EGFP-expressing cells in each explant after 1 d in vitro (Fig. 3f) Evaluation of hair bundle morphology. Injectoporation can be combined with the analysis of hair bundle morphology by scanning electron microscopy (SEM) 8, 42 . After injectoporation, EGFP fluorescence is used as a guide to identify injectoporated hair cells; histological 'landmarks' are introduced by scarring the tissues with suction pipettes (Fig. 4a,b ). The cochlear tissue is then processed for SEM ( Fig. 4c-f) , and the injectoporated cells are identified by their relative position to the landmarks.
Analysis of protein distribution in hair cells.
To evaluate the extent to which injectoporation is compatible with the analysis of the subcellular localization of ectopically expressed proteins in hair cells, cDNAs for stereociliary proteins such as Usher syndrome type 1G protein, SANS (scaffold protein containing ankyrin repeats and SAM domain), which is localized near stereocilia tips 43, 44 , and espin, which is localized throughout the hair bundle [39] [40] [41] , are fused in frame to fluorescence proteins such as EGFP. The expression vectors encoding these fusion proteins are then injectoporated in OHCs. Cochlear tissue is cultured and collected for observation by fluorescence microscopy. We have successfully carried out this procedure by injectoporating hair cells between P0 and P8 and by culturing them for up to 5 d (Fig. 4g-j and data not shown).
Ca 2+ imaging and electrophysiology to measure mechanotransduction. Mechanotransduction channels in hair cells are nonselective cation channels 45 . Mechanotransduction can therefore be monitored using Ca 2+ imaging. However, membrane-permeable Ca 2+ dyes have been of limited use because dyes such as Fura-2AM do not penetrate hair cells easily, and the loaded hair cells burst 46 . So far, only membrane-impermeable Ca 2+ dyes have been successfully applied to image hair cells, but they need to be dialyzed into hair cells using whole-cell patch clamping 46, 47 . Injectoporation offers the alternative to introduce genetically encoded Ca 2+ indicators such as GCaMP3 (ref. 13 ) into hair cells (Fig. 5) . We injectoporate hair cells between P0 and P4 with GCaMP3, culture them for one or several days and activate mechanotransduction channels with a fluid jet (Fig. 5b,c) . As controls, mechanically activated Ca 2+ responses are examined in the presence of blockers of the transducer channel ( Fig. 5d ; lanthanum, 100 µM; curarine, 400 µM; amiloride, 500 µM and dihydrostreptomycin, 200 µM; refs. [48] [49] [50] [51] . In parallel, we compare voltage-gated membrane currents of hair cells to determine basic membrane properties of the injectoporated cells (Fig. 5e) . To measure mechanotransduction currents directly, we use whole-cell recordings while stimulating the hair bundle with a stiff glass probe (Fig. 5f) .
Perturbation of gene function using shRNA and cDNA expression. The study of CDH23 gene function is shown as an example application. During development, CDH23 is a component of the extracellular linkages that provide cohesion within the hair bundle [52] [53] [54] . In mature hair cells, CDH23 is a component of tip links 54, 55 , which gate mechanotransduction channels in hair cells 56, 57 . We injectoporate P1 hair cells to coexpress GCaMP3, as well as an shRNA construct targeting CDH23. The effectiveness of the shRNAs to knock down CDH23 is first validated in heterologous cells (not shown). 3 d later, hair bundles are stimulated with a stiff probe or with a fluid jet to evaluate mechanotransduction currents using electrophysiology or Ca 2+ imaging, respectively (Fig. 6) .
To evaluate gene knockdown, the cells are fixed and stained with CDH23-specific antibodies ( Fig. 6a-d) . Conversely, we express full-length CDH23 cDNAs in hair cells from CDH23-deficient Ames waltzer v2J mice (Pcdh15 av-2J (ref. 10) to test for functional rescue. Notably, the CDH23 cDNA is >10 kb (refs. 9-11), but nevertheless functional rescue can be achieved (Fig. 6g,h ). • •
EQUIPMENT SETUP Preparation of electroporation electrodes and injectoporation setup Fix a pair of platinum wires on the electroporation electrode holder. Bend the two platinum wires into an 'L' shape; the distance between the two wires should be adjusted to 2-3 mm (Fig. 2c-e) . Mount the electroporation electrode holder on the left-hand micromanipulator. Mount the microinjection pipette holder (Warner MP series) on the right-hand micromanipulator (Fig. 2a,b) . We recommend assembling the two micromanipulators to face each other. The inlet of the microinjection pipette is connected to a two-channel switcher and to a 1-ml syringe through plastic tubing (Fig. 2a) . After injectoporation and subsequent culture, the tissue is ready for functional analyses including Ca 2+ imaging or electrophysiology, or for immunohistochemistry and SEM analysis. Preparation of microinjection pipettes and suction pipettes We use Sutter glass capillaries to produce micropipettes. The RAMP value is 477, as measured by our Sutter P-97 micropipette puller. The parameters for pulling microinjection pipettes are as follows: 520 (HEAT), 0 (PULL), 40 (VELOCITY) and 250 (TIME). The microinjection pipettes have a diameter of 2-3 µm, and they are freshly made before injectoporation. Before imaging and electrophysiology, the tectorial membrane is removed using a suction pipette (Fig. 5a) . Suction pipettes are produced by breaking the tips of regular microinjection pipettes to 5-10 µm diameter, which are visualized by a micro-forger. Ca 2+ imaging and fluid-jet stimulation The microscope needs to be equipped for Ca 2+ imaging 58 . GCaMP3 is expressed in hair cells for monitoring Ca 2+ signals elicited by hair bundle deflection. The Micro-manager software is used to drive the illuminator and camera 59 . 120 fluorescence images of Ca 2+ responses are acquired at a sample rate of two per second. The hair bundle is stimulated with a fluid jet that uses the Parker Picospritzer connected to a nitrogen tank to apply air pressure to the microinjection system. Microinjection pipettes are used as fluid-jet pipettes. The pipette is back-filled with the external solution and mounted in the microinjection pipette holder. With the air pressurized, adjust the air regulator on the Picospritzer to have a reading of 10 p.s.i. on the pressure gauge. During image acquisition, provide stimuli of 0.1-, 0.3-and 0.5-s duration at 80-s intervals by operating the knobs on the front panel of the Picospritzer. Whole-cell recording and stiff-probe stimulation Set up the electrophysiology and mechanical stimulation systems as described 60, 61 . In our case, injectoporated and cultured cochlear OHCs are used for electrophysiological analyses. As mentioned before, the dish lid is used for culturing cochlear tissues. The dish lid also serves as the recording chamber. The right-hand micromanipulator is used to place the patch-clamp headstage and recording pipette. We use HEKA EPC10 to record whole-cell currents of hair cells. The left-hand micromanipulator holds the mechanical stimulation probe set. Briefly, the stimulation probe is made by fire-polishing a patch pipette to a round tip with a diameter of 4-6 µm. The stimulation probe is fixed onto the piezoelectric actuator that is mounted on a pipette-holder and positioned at an angle of 15°. Use the analog-out channel of the EPC10 to send voltage steps to drive a 10× homemade amplifier that controls the movements of the piezoelectric stack actuator. The displacement dynamics of the piezoelectric actuator need to be calibrated if it is used for the first time. A stage micrometer is used to measure the ratio of displacement to the input voltage. Set the driving voltages by referring to the calibration results.
Igor software is used to analyze the electrophysiological data. For step-by-step instructions for hair-cell recordings, see the PROCEDURE below.
proceDure Dissection and culture • tIMInG ~60 min 1| Disinfect the dissection tools with 70% (vol/vol) ethanol. Wipe the dissection scope and surgery area with 70% (vol/vol) ethanol.
2|
Prepare Petri dishes for dissection and culture. Fill the dissection dishes with cold dissection solution. Fill the culture dishes with culture medium.  crItIcal step We recommend using the 35-mm Petri-dish lids for culture. This allows successful positioning of the electrodes for electroporation and subsequent electrophysiology.
3| Decapitate the mouse after anesthesia. Spray the head with 70% (vol/vol) ethanol. Open the skull, remove the brain and expose the inner ears. Transfer the inner ears into the dissection solution (Fig. 1b, cochlea part shown in brackets).
4|
Use forceps to remove the bony capsule of the cochlea (Fig. 1c, cochlear coil shown in brackets) . Lift the cochlear tissue off from the modiolus. Transfer the cochlear tissue to the lid of a 35-mm Petri dish containing electroporation medium (Fig. 1d) .  crItIcal step Use the microcurette to transfer tissues.
5|
Rip a seam between Reissner's membrane and the stria vascularis (Fig. 1e) . Cut the cochlea into three fragments of approximately equal size (apical, middle and basal coils; Fig. 1f) . Attach the cochlear fragments to the bottom of the culture dish (Fig. 1g,h) .  crItIcal step It is not necessary to remove the tectorial membrane at this step. Perform dissection as fast as possible.
? trouBlesHootInG 6| Place the culture dishes into a 10-cm Petri dish. Transfer the 10-cm dish to the incubator (37 °C, 5% CO 2 ). After 4-6 h, the cochlear fragments are ready for injectoporation.  crItIcal step Use the 10-cm Petri dish as a humidifying chamber. It can hold three 35-mm Petri-dish lids.
Injectoporation
• tIMInG ~60 min 7| Prepare the plasmid working solution as mentioned in Reagent Setup.  crItIcal step Spin the working solution at 18,000g for 10 min at 4 °C to keep the injection pipettes from clogging.
8|
Spray the electroporation electrodes with 70% (vol/vol) ethanol. Wipe the high-power objective with 70% (vol/vol) ethanol. Let them dry in air.  crItIcal step Disinfect the high-power objective and the electroporation electrode to prevent the tissue culture from possible contamination.
9|
Use the pipette puller to produce microinjection pipettes with a tip diameter of 2-3 µm.  crItIcal step The diameter is crucial. A microinjection pipette with larger tip diameter might destroy the tissue, whereas a microinjection pipette with smaller tip diameter might be easily clogged.
10|
Take the culture dish from the incubator and place the dish on the recording stage of the upright microscope. Determine the region of hair cells to be transfected by examining hair-cell morphology with a high-power objective. Switch back to the low-power objective. Use the left-hand micromanipulator to position the electroporation electrodes so that the cochlear fragment is between the two electrodes ( Fig. 2c-e) .  crItIcal step Choose hair cells in tissue that is flattened out well. Unsuccessful dissection can introduce damage to hair cells. Avoid the region with unhealthy cochlear hair cells, which can be recognized by the abnormal morphology of the rows of stereocilia and the presence of necrotic tissue.
11| Use a 2-µl pipette tip to back-fill the microinjection pipette with 1 µl of plasmid solution. Mount the microinjection pipette in the pipette holder. Apply ~0.1 ml of air pressure to the microinjection pipette through the 1-ml syringe, and hold the air pressure by turning the two-channel switcher to the OFF position. Use the right-hand micromanipulator to move the microinjection pipette near the top of the hair cells (Fig. 2b-e) . Visualize by high-power objective and move the microinjection pipette to penetrate the apical surface of the sensory epithelium.  crItIcal step For OHCs, the microinjection pipette is in parallel with the hair-cell row and the injection site is between the second and third row ( Fig. 3b, top; Fig. 3c ). For IHCs, the microinjection pipette is placed perpendicular to the row of IHCs and the injection site is next to the hair cell bodies (Fig. 3b, bottom; Fig. 3d ). (v) Use the high-power objective to visualize the cochlear tissue. Remove the tectorial membrane with a suction pipette (Fig. 5a) . Locate a transfected OHC (indicated by fluorescence). Move the stimulation probe carefully and position it around the hair bundle.  crItIcal step Remove the tectorial membrane and cell debris with suction pipettes before recordings. (vi) Use a suction pipette to make a hole around the hair cell to be recorded to gain access to the cell body. Back-fill a patch-clamp pipette with internal recording solution and mount it into the pipette holder. Whole-cell patch-clamp the hair cell by sealing the lateral wall of the cell body. Set the holding potential to −70 mV. Precisely position the stimulation probe to make sure that it is in contact with the hair bundle. Measure mechanotransduction currents by replacing the stimulation probe from −400 to 1,000 nm at 200-nm steps.
? trouBlesHootInG (D) scanning electron microscopy • tIMInG 2-3 d (i) Visualize injectoporated cochlear tissue under the fluorescence microscope with a high-power objective (Fig. 4a) . Find EGFP-expressing cells. Make incisions as landmarks on the cochlear tissue with suction pipettes (Fig. 4b) . These landmarks help in the identification of the EGFP-expressing cells. Take pictures that contain the EGFP-expressing cells and landmarks. Repeat all these steps if there are multiple cochlear tissues. (ii) Fix the tissues for 2 h at RT with freshly made fixative and remove the tectorial membrane. Dehydrate the samples, and process the tissues to the critical drying point using an Atosamidri-815 (Tousimis) or similar. Mount the tissue with carbon tape and coat it with iridium. (iii) Image the samples with a Hitachi S-4800-ll field emission scanning electron microscope or similar. The transfected cells are identified using the incision marks on the tissue.
? trouBlesHootInG step 5: damaged hair bundles in cultured hair cells During dissection and transfer, the cochlear tissue has to be kept immersed in solution to prevent damage to the hair bundles. Avoid touching the hair cells, especially the hair bundles. • tIMInG Steps 1-6, dissection and culture: ~60 min Steps 7-14, injectoporation: ~60 min
Step 15A, immunostaining: 2-3 d
Step 15B, calcium imaging: 30-120 min
Step 15C, electrophysiology: 30-120 min
Step 15D, scanning electron microscopy: 2-3 d
antIcIpateD results
In this section, we describe some typical results that we have obtained using this protocol.
transfection of hair cells
By following this protocol, EGFP and espin-mCherry can be delivered into cochlear hair cells with high efficiency. Robust EGFP signals are observed in the cell bodies of hair cells, and espin-mCherry is detected in the hair bundles (Fig. 3e ) within 4 h after injectoporation regardless of the age of explants. The signal is detectable for at least 5 d after injectoporation. Hair cells can be efficiently injectoporated at embryonic ages, as well as postnatal ages between P0 and P8 (Fig. 3f, data not shown) . By controlling the position of the microinjection pipette, genes can also be transferred into various supporting cell types (supplementary Fig. 1 ).
Quantification of gene-transferred hair cells
The number of transfected hair cells is relatively high (Fig. 3f) . For instance, nearly 30 hair cells can be transfected at P2 in the apical cochlear turn. The injectoporation efficiency decreased with increasing age of the cochlear tissue. Hair cells in the apical cochlea are electroporated more efficiently than those in the basal part, with a gradient in between.
Morphology of hair bundles
Hair bundle morphology is not detectably altered in most of the untransfected and transfected hair cells during the culture period ( Fig. 4c-f) .
localization of stereociliary proteins
Consistent with the reported expression pattern of the endogenous proteins 40, 62, 63 , SANS-EGFP is localized toward sterociliary tips (Fig. 4g,h ), whereas espin-EGFP labels the entire hair bundle (Fig. 4i,j) .
ca 2+ imaging of mechanotransduction responses
Upon mechanical stimulation of hair bundles with a fluid jet, fluorescence intensity increases robustly in GCaMP3-expressing OHCs (Fig. 5b) . The maximal amplitude of the stimulus-evoked signal increased from P0 to P4 (Fig. 5c) , which is in agreement with the observation that transducer currents increase in amplitude during hair cell maturation 64 . Little increase in fluorescence intensity is observed in the presence of blockers of the transducer channel (Fig. 5d) .
patch-clamp recording of membrane currents
The I-V curves are indistinguishable between injectoporated hair cells expressing EGFP and noninjectoporated control hair cells in nearby tissue (Fig. 5e) . Injectoporated and control OHCs display rapidly activating transducer currents, which subsequently adapted (Fig. 5f) . The amplitudes of saturated transducer currents at maximal deflection (>1µm) evoked with a stiff probe are comparable in injectoporated and control cells (Fig. 5f ), but they are ~10% smaller than those obtained in acute preparations 8, 42, 64, 65 . The current displacement plots reveal no differences between control and injectoporated cells (Fig. 5f) .
perturbation of gene function using shrna CDH23 expression is nearly abolished in cells expressing GCaMP3 and shCDH23, but not in neighboring GCaMP3-negative cells or in cells electroporated with a control shScramble construct (Fig. 6a-d , data not shown). Transducer currents and Ca 2+ signals are nearly abolished in injectoporated cells expressing shCDH23 but not in control cells (Fig. 6e,f) .
Functional rescue using cDna expression
The morphological hair bundle defects caused by the CDH23 mutation are rescued after expressing full-length CDH23 cDNA in hair cells from CDH23-deficient Ames waltzer v2J mice (Fig. 6g) . The mechanotransducer responses are restored (Fig. 6h) .
Injectoporation is therefore suitable to express even large cDNAs in hair cells.
